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ABSTRACT: Rechargeable lithium—sulfur batteries (LiSBs) assembled with
earth-abundant and safe Li anodes are less prone to form dendrites on the
surface, and sulfur-containing cathodes offer considerable potential for
achieving high energy densities. Nevertheless, suitable sulfur host materials
and their interaction with electrolytes are at present key factors that retard the
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the electrolyte is largely prevented by the strong interaction between CP; and
LiPSs. In addition, the deposition of Li,S on CP; facilitates the kinetics of the
LiPS redox reaction. Therefore, the use of CP; for Li—S battery cathodes is expected to suppress the LiPS shuttle effect and to
improve the overall performance, which is ideal for the practical application of Li—S batteries.

KEYWORDS: 2D CP;, Electrochemical properties, Shuttle effect, Lithium polysulfides, Organic electrolyte, DFT, MD
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1. INTRODUCTION

In the evolving landscape of electric vehicle technology,
substantial research has been directed toward enhancing the
performance of rechargeable batteries, with a particular focus
on augmenting energy density, extending cycle life, and

interplay of these polysulfide species not only delineates the
electrochemical behavior of Li—S batteries but also critically
influences their energy storage capacity, discharge efficiency,
and overall cycle life. This multifaceted reaction schema, thus,
emerges as a pivotal aspect in the advancement of Li—S battery
technology, warranting extensive investigation to elucidate its
implications on the performance and durability of these
advanced energy storage systems.”'¥'%'¢

Intensive research endeavors have been undertaken to
mitigate the challenges of the intrinsic insulating nature of
sulfur and the dissolution of sulfur and lithium polysulfides in
Li—S batteries. Among the various strategies employed,
carbonaceous materials have been extensively investigated
due to their superior electrical conductivity, low price, and
robust mechanical attributes, aiming to encapsulate sulfur
within the cathode matrix.'”~"" Despite some efficacy in
enhancing electrical contact and mechanical stability, these
carbon-based hosts have exhibited limited proficiency in
preventing the dissolution of Li,S, intermediates and reducing
the polysulfide shuttle mechanism between the anode and

maintaining operational efficiency at elevated temperatures."”
Lithium-ion batteries, which rely on the Li-intercalation
mechanism, are among the most prevalent in the current
market. Despite their widespread use, challenges such as safety
and efficient operation, particularly related to capacity fading
due to various degradation mechanisms like the formation and
breakdown of Solid-Electrolyte-Interphase (SEI), remain
significant.”™® Lithium—sulfur batteries have emerged as a
promising alternative for electrochemical energy storage,
drawing significant attention for their affordability and superior
theoretical capacity, approximately 1675 mAh-g™’, as well as a
high energy density of around 2600 W-h-kg™".”~"* In stark
contrast to the operational paradigm of conventional
rechargeable batteries, which employ an intercalated lithium
compound as the cathode and a graphite-based structure for
the anode, lithium—sulfur (Li—S) batteries adopt a funda-
mentally different electrochemical strategy. These batteries
operate on a reversible redox reaction between sulfur and
lithium sulfide (Li,S) at the cathode. Integral to this process is
the formation and transformation of a spectrum of lithium
polysulfide intermediate (Li,S,), with n signifying varying
degrees of polymerization (i.e, 1, 2, 4, 6, 8). The intricate
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Figure 1. Schematic illustration of (a) shuttle effect phenomena in Li—S batteries and its suppression through (b) anchoring process and (c)

catalytic effects of the 2D carbon phosphide host material.

cathode.””*" In contrast, recent advances have pivoted toward

nanoengineered polar inorganic scaffolds, including various
transition metal oxides and sulfides.”"”*> These materials are
recognized for their strong physicochemical affinity toward
lithium polysulfides, thereby offering a promising avenue for
sequestering these intermediates and attenuating the dis-
solution-shuttling dilemma."***** However, a notable trade-off
is observed with these inorganic hosts, primarily concerning
their inferior electrical conductivity relative to carbon
substrates, which can compromise the rate capability and
specific capacity of the batteries. Recent developments also
point toward two-dimensional (2D) materials as well as metal-
based van der Waals heterostructures as promising solutions to
combat shuttling effects and improve Li—S batteries’ overall
performance.'**>™** Concurrently, ongoing research is focused
on developing novel, cost-effective materials for sulfur hosts,
aiming to enhance the commercial feasibility of Li—S batteries.
This approach is crucial for overcoming material and
electrochemical limitations, and advancing the field toward
high-performance, durable, and cost-effective energy storage.
In 1970, a family of layered materials designated as AB; was
successfully synthesized, including the widely studied GeP; and
SnP;.>*~* Subsequent computational investigations revealed
the feasibility of exfoliating monolayers of GeP; SnP;, and
other group IV elements (C, Ge, Sn) from their bulk
counterparts.’*™*® These freestanding monolayers were found
to exhibit robust thermodynamic and mechanical stabilities.
Notably, Ramzan et al. recently reported the dynamic stability
of 2D CP; layered material,” structurally analogous to GeP,
and SnP;. Sarkar et al. further demonstrated that CP,
monolayers have a low cleavage energy,40 facilitating their
separation from the bulk phase. In this study, we designed 2D
CP; monolayers and examined their physical properties and
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structural characteristics using first-principles calculations and
molecular dynamics simulations. The 2D CP; monolayer,
serving as an optimal S-host cathode, significantly enhanced
polysulfide reaction kinetics and mitigated the shuttle effect in
Li—S batteries (Figure 1a,b). Its strong binding affinity toward
Li,S, polysulfides (n = 8, 6, 4, 2, 1) effectively reduces
dissolution into organic electrolytes (1,2-dimethoxyethane and
1,3-dioxolane). Moreover, the uniform adsorption of Li,S, on
2D CP; facilitates electrical contact, enhancing both the
versatility of active materials and the conversion kinetics of
Li,S, polysulfides. The study also explores the interface and
synergistic effects between organic electrolytes and the 2D CP;
monolayer, highlighting its exceptional polysulfide anchoring
ability and electrical conductivity, as well as its enhanced ion
diffusion and polysulfide transformation capabilities at the
heterogeneous interface (Figure 1b). Consequently, the unique
2D CP;—S cathode demonstrates promising performance,
potentially advancing research in Li—S battery technology.

2. COMPUTATIONAL FRAMEWORKS

2.1. Density Functional Theory. Through our study, we
performed first-principles calculations within the framework of
Density Functional Theory (DFT) as part of the Vienna Ab
Initio Simulation Package (VASP).*' The generalized gradient
approximation in the form of the Perdew—Burke—Ernzerhof
(PBE) functional*” was adopted self-consistently through the
approach of the Projector Augmented Wave (PAW) method.
The Kohn—Sham electron wave functions were expanded with
an energy cutoff of 600 eV, and the convergence criteria during
the structural optimizations were set to 107° eV and 107° eV/A
for energy and force, respectively. The vacuum layer during all
the calculations was set to 25 A in the z direction to prevent
interactions between stacked layers as well as periodic images.

https://doi.org/10.1021/acsami.4c15372
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The Monkhorst—Pack k-point grid of 8 X 16 X 1 was used in
the reciprocal space during the geometrical optimizations.*
The charge transfer between atoms was evaluated based on the
Bader charge analysis algorithm.**

2.2. Classical Molecular Dynamics Simulations. We
considered electrolyte solutions that consist of Li,Ss and Li,Sg,
which are diluted with either DOL or DME. The OPLS-AA
force field was used to build up the interaction potential
models of the solvents and CP; monolayer.*** The CL&P
force field for ionic liquids*’ is used to model the interaction
potential for ions with the corrected parameters proposed by
Rajput et al.** All MD simulations were conducted using the
LAMMPS software package,49 the three-dimensional periodic
boundary conditions are applied, and a time-step ot = 1 fs is
used for all simulated cases. The initial distribution was
generated using the Moltemplate package,”® where the
simulated system constitutions are placed randomly into a
monoclinic box. Subsequently, the system was equilibrated in
multiple stages to ensure stability and accuracy. The system is
agitated using the Langevin thermostat at T = 500 K for one
ns, followed by the same process using the Nosé—Hoover
thermostat.*” The simulated systems were equilibrated in the
NPT-statistical ensemble using the Berendsen barostat to reach
the desired ambient condition of temperature and pressure (T
=303 K, P =1 bar).”

In the first stage, NPT MD simulations were performed from
T =500 K to T = 303 K under constant pressure P = 500 bar
to achieve the desired temperature over t = 1 ns. Next, the
pressure was adjusted from P = 500 bar to P = 1 bar at a
constant temperature of T = 303 K, facilitating volume
stabilization over another ¢ = 1 ns. In the last performed NPT
equilibration stage, the systems were equilibrated at room
temperature and ambient pressure (T = 303 K, P = 1 bar) for ¢
= 10 ns. Finally, we run the simulations for a long time up to ¢
= 100 ns to produce the static and dynamic properties in the
NVT statistical ensemble using the Nosé—Hoover thermostat
at T = 303 K and fixed volume. We note that the equilibrated
box size depends on the simulated system, characterized by a
salt type and solvent type and amount. However, the base area
delimited by the CP; size, a parallelogram of length L, = 37.09
A and width L, = 32.12 A with a tilt factor xy = —18.5445 A,
remains fixed for all simulated cases.

The structural analysis was conducted using the radial
distribution function (RDF), g(r), and coordination number,
N_.>"** The RDF, g(r), quantifies the variation of particle
density with distance from a reference particle, providing a
measure of the local structure.

g0 = 2 Yo -1)

N\ g (1)
where N is the number of particles and V is the volume of the
simulated system. The first peak in g(r) represents the nearest
neighbors, revealing the most probable interparticle distance
and interaction strength through the relation g(r) = e#Y?),

where f = kL and U(r) is the interaction potential.”

T
Subsequent peaks correspond to higher-order neighbors,
providing insights into medium-range order, coordination
numbers, and packing efficiency. In isotropic, homogeneous
systems, g(r) approaches 1 at large distances, indicating a
uniform particle distribution.
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The coordination number N. is defined as the number of
neighbor particles that are within the specified cutoff distance
of the pair interaction potential from a central particle:

N, = 27r/ “nr dr = 27n, /Cg(r)r dr
0 0 (2)

where r. is the position at which the interaction potential
between particles goes to zero, n, is the bulk density, and #, is
the average number density of the considered particles at a
given distance r, related to the RDF by n, = myg(r).

Thus, the coordination number at a distance r, N(r), is
defined by

N(r) = 2zn, ‘/org(r/)r/ dr’ 3)

where r is an arbitrary distance from a tagged particle.
The ionic conductivity o is calculated using the collective
mean-square displacement:**
(N, + N_) 1
= im
VkyT =0 6t(N, + N_)

N, N_

D D zz[R(H) - ROTR(t) - R(0)]
i=1 j=1 (4)
where N is the number of ions, V is the volume of the
simulated system, e is the elementary charge, kg is Boltzmann’s
constant, T is the temperature, z; is the ion charge, and R(f)
and R(0) are the center-of-mass position vectors of an ion at
times ¢ and 0, respectively. The cross terms (i # j) in this
equation account for the correlation of different ion displace-
ments.

The Nernst—Einstein ionic conductivity o,. is calculated
using the self-diffusion of ions. It can be an acceptable
assessment of the real ionic conductivity if ionic species motion
is uncorrelated:

2
e

Vi, T

(N+DL1+ + N —DFSI‘)
(%)

where N, and N_ are, respectively, the number of cations and
anions, e is the elementary charge, D;;+ and Dgg~ are the self-
diffusion coefficients of Li* and FSI7, V is the volume, kg is
Boltzmann’s constant, and T is the temperature.

The cation transference number is assessed by

_ D+

by = —— ——
D+ + Dggr

(6)
where the self-diffusion coeflicients are determined from the
mean-square-displacement, calculated from the MD simula-
tions as follows:

N
Argu(e) = (A1) = < D (e + 1) = 56T .

In the expression above, r;(t) represents the temporal position
of a random walker i (an anion or a cation), t indicates the
time, and f, is the initial time at which the random walker
begins to move.

The collective diffusion coefficient and self-diffusion
coeflicients are extrapolated from the normal diffusion regime:

log((&’r)) = log(6D) + log(t) (8)

https://doi.org/10.1021/acsami.4c15372
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Figure 2. (a, b) Top and side views of free-standing (a) blue phosphorus and (b) CP; monolayers. (c, d) Projected band structures of the (c) blue
phosphorus and (d) CP; monolayers computed using GGA-PBE with the corresponding projected densities of states.

3. RESULTS AND DISCUSSION

The electrochemical reactions on 2D CP; S-host cathode of
Li—S batteries are illustrated in Figure lc. The discharge
sequence initiates with the adsorption of Sg molecules onto the
catalyst’s surface, sparking the sulfur reduction reaction (SRR).
This leads to the formation of long-chain, soluble lithium
polysulfides (LiPSs) such as Li,Sg, Li,Sg, and Li,S,. A crucial
aspect of this phase is mitigating the shuttle effect by ensuring
that the 2D CP; catalyst has a strong affinity for these LiPSs to
prevent their dissolution in the electrolyte, thereby stabilizing
them. As discharge continues, the reaction culminates in the
formation of insoluble LiPSs, specifically Li,S, and Li,S, with
the process being expedited by effective catalysts. During
charging, Li,S is oxidized back to Sg, with the catalyst playing a
pivotal role in lowering the energy barrier for Li,S
decomposition. Additionally, the catalyst’s metallic nature is
vital for facilitating rapid electron transfer throughout the
reaction. Optimal catalysts for Li—S batteries are thus
characterized by their metallic nature, moderate adsorption
of soluble LiPSs, fast reaction kinetics of SRR, and low Li,S
decomposition barrier.

3.1. Anchoring Ability of 2D CP; toward LiPSs.
Recently, Ramzan et al. introduced the 2D CP; monolayer
via first-principle calculations as a new entrant in the carbon
phosphide family.”> Characterized by its distinctive puckered
crystalline structure, similar to SnP; and GeP;, the CP,
monolayer is a candidate for experimental exfoliation from
its layered bulk form or by integrating carbon atoms into blue
phosphorene. As illustrated in Figure 2a,b, the primitive cell of
CP; comprises eight atoms forming alternating C—P and P—P
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bonds. The Bravais lattice vectors are obtained as a = b = 6.218
A, with bond lengths of 1.783 A for C—P and 2.279 A for P—P,
consistent with previously reported findings.””**>> The
computed electronic band structure and the associated
projected density of states for both Blue phosphorus and
CP; monolayers are depicted in Figure 2c¢,d. The findings
indicate that CP; monolayer exhibits a distinctly metallic
electronic structure compared to the blue phosphorene which
shows a semiconductor nature, suggesting that 2D CP;
monolayer has promising conductivity properties for use as
active electrode materials. Additionally, the projected density
of states reveals that the electronic states close to the Fermi
level are predominantly composed of the p-orbitals from both
carbon and phosphorus atoms.

An expanded supercell structure, specifically a 3 X 3 X 1
configuration of the 2D CP; monolayer, was employed to
examine the binding efficacy of Sg and Li,S, polysulfides (n =
8, 6, 4, 2, 1). This study involved a comprehensive
optimization of multiple placements of Sg and LiPS clusters
across different active sites on the CP; surface to determine the
most energetically favorable binding configurations. The
stability of these configurations was assessed by calculating
the binding energy (E,) using the following equation,
evaluated both with and without van der Waals (vdW)
corrections:

E, = Ecp, + Eg — Eggcp, (S = S¢/Li,S,)

(9)

where Egpcp, and Ecp, represent the total energies of the CP,
surface after and before adsorption, respectively, while Eg

https://doi.org/10.1021/acsami.4c15372
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Figure 3. (a) The top and side views of the fully optimized structures of Sg/Li,S, molecules on CP; monolayer. (b) Computed binding energies of
Li,S, molecules on blue phosphorene, graphene, and CP; monolayers. (c) Computed binding strengths of S¢/Li,S, molecules on CP; monolayer
through DFT and DFT-D3 correction and their corresponding ratio (R 4y). (d) Computed binding energy with different Li-concentrations on the

CP; monolayer.

corresponds to the total energy of Sg or Li,S, in its bulk
reference state. In this study, the binding energy is defined as
positive for exothermic interactions, indicating energy release
during adsorption and the stabilization of Sg/Li,S, molecules
on the CP; surface. This sign convention aligns with the
equation provided and ensures consistency with the
interpretation of adsorption stability.

The inclusion of vdW corrections significantly impacts the
calculated binding energies, emphasizing the importance of
dispersion interactions in accurately capturing the adsorption
process. Incorporating vdW contributions ensures a more
realistic description of the weak interfacial forces between
polysulfides and the CP; surface, which would otherwise be
underestimated in noncorrected calculations. The calculated
positive E, values indicate stable adsorption, promoting a
uniform distribution of Sg/Li,S, molecules across the CPj
surface. This uniformity is critical for preventing clustering and
dendrite formation during battery cycling, thereby enhancing
electrode kinetics and the long-term stability of the system.
Such properties are essential for improving the overall
electrochemical performance of lithium—sulfur batteries,
ensuring controlled and eflicient energy storage processes.

The configurations exhibiting the highest binding energy,
indicative of the highest stability, are presented across the
explored binding sites and orientations in Figure 3a. The
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affinities of Sg and Li,S, molecules on the CP; surface are
summarized in Table 1. Our computation reveals that the Sg

Table 1. Computed Binding Energies of Sg/Li,S, Molecules
on the CP; Surface through DFT and DFT-D2 Correction
(EP¥T and EDF™P%), Charge Transfer AQ (lel) between Sg/
Li,S, and the Anchoring Material, and Shortest Binding
Height (h)

molecule EPFT (eV) EPFTD2 (ev) AQ (lel) h (A)
Sg 0.079 0.917 —0.003 3421
Li,Sq 0.922 2.608 0.291 2.266
Li,Sq4 0.599 1.891 0.371 2.108
Li,S, 1.162 2.322 0.537 1.838
Li,S, 1.826 2.828 0.662 1.772
Li,S 2.317 3.109 0.802 1.428

“AQ < 0 reveals electron transfer from the host CP; monolayer to Sg.

cluster attaches primarily above the C,P,-hexagon rings,
maintaining a parallel orientation to the CP; surface with a
minimum binding distance of approximately 3.421 A,
significantly exceeding the lengths of P—P and C—P bonds.
The adsorption energy of an Sg molecule on the CP; layer is
obtained to be 0.917 eV when vdW corrections are considered.
This suggests that the adsorption is primarily governed by vdW

https://doi.org/10.1021/acsami.4c15372
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Figure 4. Distributed charge density for Sg/Li,S, molecules adsorbed on the CP; monolayer. Yellow and blue colors indicate the electron
accumulation and depletion, respectively. The value of the isosurface is set to be 0.001 e A~

forces, coupled with a minimal charge transfer of around
—0.003lel from the CPj; layer to the Sy cluster, indicating a
minor redistribution of electrons.

In a comparative analysis, the binding strengths of Sg/Li,S,
molecules on CPj surfaces were juxtaposed against those on
blue phosphorene and graphene monolayers. As illustrated in
Figure 3b, the binding energy trends observed on the CP;
surface display a nonlinear relationship, initially decreasing
from Li,S to Li,S4 and then incrementing for longer polysulfide
chains. In contrast, blue phosphorene exhibited a monotoni-
cally decreasing trend in binding energy with increasing chain
length of Li,S, indicating progressively weaker interactions
with larger polysulfide molecules. Conversely, the graphene
monolayer consistently demonstrated the lowest binding
energies across the spectrum of chain lengths, signifying the
least robust interaction with the Li,S, molecules. These
distinct binding profiles highlight the potential of CP; in
fostering stronger interactions with lithium polysulfide chains.
This characteristic may prove advantageous in the realm of Li—
S battery technology, particularly in enhancing the stability and
efficiency of electrode materials through more robust binding
affinities.

To elucidate the specific anchoring mechanisms and assess
the relative significance of chemisorption versus vdW
physisorption, an analysis has been conducted calculating the
proportion of vdW contributions for various sulfur-containing
molecules. This ratio is defined as

Ewith—vdW - Ewithout—vdW % 100%

RvdW =

(10)

E.ith-vaw

where Eq, .qw represents the binding energy including vdW
interaction, and E ;gouvaw denotes the binding energy
excluding vdW interaction including vdW interaction. As
demonstrated in Figure 3¢, vdW interactions predominate in
the nonlithiated state, with an R4y value of approximately
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91.36%, suggesting that the Sg molecule predominantly
adheres to the CP; monolayer through vdW forces rather
than chemical bonding. Throughout lithiation, the contribu-
tion of vdW interactions to the total binding energy of Li,S, (n
= 8, 6, 4) remains considerable, with ratios ranging from
68.32% to 49.95%. As lithiation intensifies, the prevalence of
physical interactions diminishes notably for Li,S, and Li,S,
with the R g ratio falling between 35.42% and 25.49%. The
changing adsorption energies of Sg/Li,S, molecules (E,)
underscore the influential role of Li atoms in chemical
bonding and the predominance of S atoms in vdW
interactions. Notably, the smallest binding energy is observed
for Sg. Conversely, the CP; monolayer demonstrates
substantial large binding energies toward Li,S, molecules,
indicating a balanced interaction profile. Similar trends were
observed by varying the Li concentration on the CP,
monolayer as illustrated in Figure 3d.

To elucidate the binding dynamics and chemical bond
formation following the adsorption of Sg/Li,S, molecules, an
in-depth investigation was undertaken into the electronic
structure alterations, specifically analyzing the charge density
difference (Ap) of Sg/Li,S, clusters adsorbed onto the CP,
monolayer by employing the following shortest binding height:

Ap = Psace, ~ P, (S = S4/Li,S,)

~ P (11)

where pcp, refers to the electron charge density of the pristine
CP; monolayer, pgecp, denotes the charge density of the

composite Sg/Li,S,@CP; system, and pg represents the charge
density of the isolated Sy and Li,S, clusters, all maintained
under identical structural parameters and without geometrical
relaxation. Illustrated through 3D isosurface charge density
figures, as depicted in Figure 4, the alterations in charge
distribution reveal regions of charge accumulation and
depletion. The computed charge redistribution primarily
occurs via Li—S and P—S bonding, particularly in the Li,S,
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Figure S. Free energy landscape of the sulfur reduction reaction on graphene and CP; surfaces, with insets highlighting the optimized geometries of

reaction intermediates.

and Li,S molecules, with a notable charge near the P atoms
and Li ions. As the discharge process happens from Li,Sg to
Li,S, an increase in charge transfer correlates with the changing
sulfur concentration, a trend that complements the computed
variation in the binding strength. This correlation underscores
the importance of such detailed electronic studies in predicting
and optimizing material performance and stability in practical
applications.

3.2. Gibbs Free Energies Associated with the SRR.
The CPj; surface has demonstrated substantial enhancement in
the redox kinetics of sulfur species as an electrocatalyst,
thereby significantly boosting the performance of Li—S
batteries. Compared to graphene and blue phosphorene, the
CP; catalyst has been shown to decrease the activation
energies required for the SRR. This improvement is attributed
to the effective adsorption of sulfur species onto the CPj
surface, facilitated by phosphorus—lithium (P—Li) bond
formation. This bonding interaction contributes to the
weakening of sulfur—sulfur (S—S) bonds, which in turn
accelerates their dissociation, thus promoting faster reaction
kinetics. The enhanced kinetics of SRR on the CP; monolayer
is supported by the Gibbs free energy diagram depicted in
Figure S. The diagram compares the Gibbs free energies of the
SRR pathway on CP; and graphene surfaces. For the initial
reduction steps from Sg to Li,Sg, and subsequently to Li,Sq,
both CP; and graphene exhibit negative Gibbs free energy
changes, indicative of exothermic and spontaneous reaction
sequences. The more pronounced negative energy change on
the CP; surface, compared to graphene, underscores a
thermodynamically more favorable reduction process.

However, the later stages of reduction leading to the
formation of solid Li,S,, Li,S,, and Li,S are characterized by
positive Gibbs free energy changes on both CP; and graphene,
suggesting endothermic and nonspontaneous reactions.
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Notably, CP; significantly lowers the Gibbs free energy
pathway in comparison to graphene, indicative of a lower
energy pathway for the reaction to proceed. The clear evidence
from the free energy profiles points to a comprehensive
acceleration of the SRR kinetics when mediated by the CP;
surface. This is primarily due to the excellent catalytic
properties of CP3, which facilitate more energetically favorable
pathways for the successive reduction steps in the SRR, as
opposed to the pathways available on graphene. Consequently,
the CP; catalyst emerges as a more potent material for
improving the efficiency and lifetime of Li—S batteries.

3.3. Catalytic Decomposition of Li,S, on CP;. Addi-
tionally, we delved into the decomposition barrier of the
discharge end product in Li—S batteries. The charging phase is
often hindered by the low electronic conductivity and the
substantial energy barrier required to decompose the final
discharge product, Li,S, leading to increased cell overpotential
and impacting the rate capability of the batteries. The
electrochemical efficiency of Li—S batteries is significantly
influenced by the kinetics of Li,S decomposition, which
involves breaking of Li—S bonds, and the diffusion of Li" ions
on the 2D CP; substrate. For this analysis, Climbing Image
Nudged Elastic Band (CI-NEB) calculations were employed to
assess the energy barrier in the reaction Li,S — LiS + Li* + e™.
This reaction entails the energy necessary to cut off Li—S
bonds at the most favorable adsorption site and facilitate the
migration of Li" to another stable site. The energy profiles and
reaction pathways for this process are detailed in Figure Sla,b.

Our computed results reveal a relatively low Li diffusion
barrier of 0.18 eV for Li-ion on CP; surface, consistent with
findings from previous research.’> Prior experimental inves-
tigations have shown that a high decomposition energy barrier
adversely impacts the cell voltage, indicating that minimizing
this barrier is crucial for optimal Li—S battery performance. A
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Figure 6. Comparison of Radial Distribution Function (g(r)) and Coordination Number (N(r)) average profiles for S~ and Sg*~ anions (s%,
where & denotes the partial charge on each S atom) surrounding a single Li* ion in simulated electrolytes near the CP; surface, with varying solvent
amounts. (a, b) depict Li,S¢/DME and Li,S¢/DOL electrolytes, as well as Li,Sg/DME and Li,S;/DOL electrolytes, respectively. (c, d) illustrate the
average profiles of solvent oxygen atoms around a single Li* jon in the same electrolytes.

substantial large adsorption energy of Li,S on the substrate is
expected to correlate with the decomposition energy barrier. In
contrast, isolated gas-phase Li,S has previously been shown to
have a large decomposition energy barrier of 3.59 eV.>*™**
Notably, the CP; substrate seems to effectively lower this
barrier to 0.95 eV as depicted in Figure S1b, a significant
reduction compared to other 2D materials, such as BAs and
B,N,.'**” However, we note that the decomposition barriers
for BAs and B,N, were computed using the DFT-D3 method
for van der Waals corrections, whereas our study employed the
DFT-D2 method. While these methods differ in their
parametrization for dispersion effects, both are consistent in
capturing trends in decomposition behavior. Consequently,
our comparison is qualitative, aimed at highlighting general
trends rather than providing exact quantitative values. This
distinction underscores the efficacy of the CP; substrate in
lowering the decomposition barrier compared to other 2D
materials, independent of the methods employed. The
combination of strong adsorption energy and reduced
decomposition barrier suggests that the CP; substrate could
enhance the oxidative decomposition of Li—S bonds, thereby
improving the electrode kinetics in Li—S batteries.

3.4. Solvation Structure and Dynamics of Li,S¢/Li,Sg-
based electrolytes in the presence of CP; surface.
Studying Li,S¢/Li,Sg structures and dynamics in our proposed
cathode model for Li—S batteries is crucial due to their roles in
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the electrochemical reactions during charging/discharging
cycles. These intermediate polysulfides, which are formed
during the reduction and oxidation of sulfur, contribute to a
high energy density. All current in the atomistic mechanisms
are produced through the Li,Sg reduction until this species is
consumed.®® The formation of Li,S, and Li,Sg is associated not
only with the shuttle effect but also with low ionic conductivity
and limited solubility in ether-based liquid electrolytes.”"**
Thus, understanding their behavior near the CP; monolayer in
the presence of solvent using classical MD simulation is crucial
for making the current approach more robust. the simulated
systems are composed of a CP; monolayer, containing 216 P
atoms and 72 C atoms, in contact with 27 (Li,Ss/Li,Sg) salt
molecules, in the presence of a solvent, dimethoxyethane
(DME) or diethylene glycol dimethyl ether (DOL). The
solvent is added in three different amounts, where the molar
fractions n(solvent)/n(salt) = 0.3, 1, and 3.

Solvation Structure. The MD simulations performed
within this work focus on examining the solvation structure
and diffusion of Li* ions in Li,S;/DME, Li,S;/DOL, Li,Sg/
DME and Li,Sg/DOL electrolytes. To investigate the solvation
structure of Li* in Li,S¢ and Li,Sg-based electrolytes, we
analyzed the time-averaged radial distribution function (g(r))
over the last 50 ns of the MD simulation, with a sampling
interval of 100 ps. We present the average profile of the g(r)
between Li* and sulfur ions in Figure 6ab, and the g(r)
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Figure 7. Relevant dynamics properties for the simulated electrolyte near the CP; monolayer: (a) Li* transference number (#;7) and the Li* self-
diffusion coefficient, calculated for Li,Ss/DME, Li,S¢/DOL, Li,Sg/DME and Li,Sg/DOL simulated systems. (b) Ionic conductivity values (o) and
Nernst—Einstein conductivity (6,.) and its comparison. The dotted lines serve as visual guides. (c) and (d) Log—Log plot of the Li* MSD variation
as a function of time. (c) Li,S¢/DME and Li,Ss/DOL, (d) Li,S¢/DME and Li,Sg/DOL. The MSD plots confirm that a normal diffusion mode is
achieved, which confirms the quality of the calculated dynamic properties.

between Li* and solvent molecules (DME or DOL) in Figure
6¢,d, for varying solvent amounts, n(solvent)/n(salt) = 0.3, 1,
and 3. The first peaks in the radial distribution function g(r) of
sulfur around Li* are observed at approximately 2.32 A for
both Li,S4- and Li,Sg-based electrolytes, regardless of the type
and amount of added solvent, as shown in Figure 6a,b. These
peaks are more pronounced in the Li,Sg electrolytes due to
their higher sulfur content compared to the Li,S4 electrolytes.
It is important to note that the coordination between Li* ions
and S atoms decreases with increasing solvent amount (DME
or DOL) for both Li,S¢- and Li,S¢-based electrolytes because
the coordination of Li* with solvent molecules increases.
According to Figure 6¢,d, Li* ions are solvated by the solvent
molecules, with the most probable distance between solvent
and Li* ion being approximately 2.13 A. Furthermore, the Li"
cations in the Li,Ss-based electrolyte (Figure 6¢c) are more
solvated than those in the Li,Sg-based electrolyte (Figure 6d),
as evidenced by the higher peaks in the g(r) curves of Li*—
solvent in the Li,Ss electrolyte and the corresponding
coordination number values. Thus, solvents are closer to the
Li* ions than to the sulfur ions, and they play a crucial role in
the dissociation of ions. In Figures S2 and S3, we present the
statistical distribution of Li* coordination number values
obtained from solvents, sulfur ions, and its surrounding Li*.
Note that threshold distances are used to calculate the
coordination number of the first shell around a tagged Li'.
The threshold distance for solvent and sulfur ions is 3 A, while
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for its surrounding Li" ions it is S A. From Figures 6¢,d, it can
be observed that the height of the g(r) peaks indicates an
increase in the interaction of Li* with solvents as the amount of
solvent increases, thereby affecting the coordination of Li"
ions. Accordingly, as depicted in Figures S2 and S3, the most
probable coordination numbers (N(r)) of a tagged Li* from its
surrounding Li* ions are <2 for n(DME)/n(Li,S¢) = 3, 1 <
N(r) £ 3 for n(DOL)/n(Li,Ss) = 3, 1 < N(r) < 4 for
n(DME)/n(Li,Sg) = 3, and 2 < N(r) < S for n(DOL)/
n(Li,Sg) = 3. The most probable coordination numbers of Li*
with sulfur ions are 1 < N(r) < 4 for n(DME)/n(Li,S¢) = 3, 2
< N(r) £ 6 for n(DOL)/n(Li,S¢) = 3, 4 < N(r) < 7 for
n(DME)/n(Li,Sg) = 3, and S < N(r) < 7 for n(DOL)/
n(Li,Sg) = 3. Accordingly, DME dissociates Li,Sg and Li,Sg
more effectively than DOL does. Furthermore, DME is more
effective than DOL in solvating Li* cations. Thus, the presence
of a solvent facilitates favorable coordination between Li* and
S during chemical reactions to form Li,S, and Li,S. Figure S4
illustrates the g(r) and N(r) between Li'—P and P—S°". The
flat g(r) curves, i.e., absence of sharp peaks in the g(r) curves,
in Figure S4, indicate a uniform distribution of Li* and sulfur
ions around the CP; monolayer. The absence of sharp peaks in
the g(r) between P—S° and Li*—P curves indicates a
moderate interaction between P—S°~ and Li*—P. This
interaction decreases with increasing solvent amount and
also suggests that there are no preferred distances or specific
clustering patterns of ions in proximity to the CP; monolayer.
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This information can be used to develop strategies that guide
the deposition process and ensure the ions’ normal diffusion.

Transport Properties. As depicted in Figure 7a—d, we
observed a significant difference in the diffusion behavior
between the Li,S4 and Li,Sg electrolytes. The diffusion of Li*
ions was found to be higher in Li,S4 than in Li,Sg. This
observation indicates that Li,Sy exhibits a higher degree of ion
mobility and faster transport of Li* ions (refer to Figure 7c,d).
The variation in diffusion behavior can be attributed to
differences in sulfur species content and their influence on the
solvation properties of Li" ions in the electrolyte solution, as
discussed in the previous section. Furthermore, we observed
that the diffusion coefficient of Li* ions increases considerably
with the amount of solvent for Li,S4, whereas it remains nearly
constant for Li,Sg. This observation suggests that the presence
of DME or DOL solvents significantly enhances the mobility of
Li* ions in the Li,S electrolyte. However, this effect is not as
significant in the case of Li,Sg. This finding suggests that a
higher concentration of solvent molecules facilitates the
movement of Li* ions within the electrolyte solution near
the CP; monolayer. The increased diffusion coeflicient
indicates improved mobility and faster transport of Li* ions
within the LiPSs electrolyte.

In the context of Li—S batteries, the presence of Li,Ss and
Li,Sg species plays a significant role in the electrochemical
reactions that take place during the battery’s cycling process.”®
Thus, it is crucial to maintain a high ionic conductivity in the
electrolyte to enable the reversible conversion between sulfur
and lithium polysulfides. From Figure 7b, we observed that the
ionic conductivity of Li,S¢ electrolyte is higher than that of
Li,Sg. The difference in conductivity can be attributed to the
structural and chemical dissimilarities between Li,S¢ and Li,Sq,
which impact the mobility of Li" ions in its electrolyte.
Furthermore, we found that the ionic conductivity of Li,S4
increased with an increase in the amount of solvent (decrease
of S content), whereas for Li,Sg, it remained almost constant
for the considered solvent/salt molar fractions, such a trend is
experimentally observed.””®® This observation suggests that
the presence of DOL or DME solvents has a more significant
impact on enhancing Li* ion mobility in Li,S¢ compared to
Li,Sg. The higher solvating ability of the solvent molecules in
the Li,S¢ electrolyte promotes salt dissociation and facilitates
ions transport, resulting in enhanced conductivity.

Furthermore, we calculated the Nernst—Einstein conductiv-
ity (6,.) and compared it with the ionic conductivity (o) as
illustrated in Figure 7b. The Nernst—Einstein conductivity is a
theoretical estimate based on the Einstein relation. This
relation connects the ionic conductivity to the self-diffusion
coeflicients of ions and temperature. The discrepancy between
0, and experimental data on ionic conductivity has been
extensively discussed in the literature.”*® This discrepancy
arises from the assumption made in the Nernst—Einstein (NE)
equation that the motion of cations and anions is independent
without considering the possibility of ion association in ionic
liquids. Thus, o, only provides an estimate of conductivity.
When ions form pairs or aggregates, they impede ion
conductivity instead of actively contributing to it. Although
the diffusion coeflicient is influenced by the movement of
counterions, it does not affect charge transfer or ion
conductivity, which can result in an overestimation when
using the NE equation. On the other hand, the ionic
conductivity obtained through the collective mean square
displacement method (Einstein law) is reported to show better
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agreement with experimental data than the NE approximation.
This agreement emphasizes the significance of considering ion
motion correlations, which are accounted for in the Einstein
law but neglected in the Nernst—Einstein approximation. The
collective transport property observed in ionic conductivity
provides a better understanding of the influence of ion motion
correlations and their impact on conductivity. For Li,Ss we
observed that the ratio of o, to ¢ was approximately 2. This
indicates a deviation from ideal behavior. This deviation
suggests the presence of additional mechanisms for ionic
transport, such as hopping or association/dissociation
processes, that contribute to the overall conductivity. The
enhanced conductivity of Li,S¢ compared to Li,Sg can be
attributed to additional transport mechanisms that are more
prevalent in Li,S4 due to its higher structural dynamics. In the
case of Li,Sg, the ratio of 0, to ¢ was approximately 1.63,
indicating a relatively smaller deviation from ideal behavior
compared to that of Li,Ss. This suggests that ion transport in
Li,Sg is mainly controlled by diffusion, with a minor
contribution from the other mechanisms. The observed
differences in the ratios of o,./0 between Li,S4 and Li,Sq
provide additional evidence of the distinct ionic transport
properties of these electrolytes. The higher value for Li,Sq
suggests a more complex mechanism for ion transport, whereas
the lower value for Li,Sgindicates a relatively simpler diffusion
process. Overall, the calculated ionic conductivity obtained
from collective diffusion, denoted as o6, is found to be in
agreement with the experimental data.”*°> However, the ionic
conductivity estimated by the Nernst—Einstein approach,
denoted as o, overestimates the experimental values.

The uniformly distributed and moderate interaction between
CP; and electrolyte components, as illustrated in Figure S4,
does not lead to agglomeration or aggregation of electrolyte
components near the CP; Therefore, from a macroscopic
perspective, CP; does not significantly impact the dynamic
properties of the electrolyte. The ionic conductivity ranges
from 0.3 to 1.36 mS/cm for Li,S4 and 0.16 to 0.23 mS/cm for
Li,Sg, which are comparable to their values in the bulk
electrolyte.”* " These high ionic conductivity values indicate
that intermediate compounds can participate effectively in
electrochemical processes, facilitating efficient ion transport
within the electrolyte. Consequently, this enables faster
charging and discharging rates, which are critical for achieving
high power densities and enhancing the overall performance of
Li—S batteries.

4. CONCLUSION

In summary, the adsorption of Sg/LiPSs (Li,S,, n = 1, 2, 4, 6,
and 8) on a CP; monolayer has been systematically
investigated from first-principles calculations. Our investigation
shows that the CP; monolayer possesses good electrical
conductivity, which is crucial to ensure high sulfur utilization.
Because of a synergistic dual interaction based on the Li—P
and S—P bonds, the CP; monolayer can moderately interact
with LiPSs and guide the deposition of Li,S with uniform
propagation. All of these indicate the key roles of the CP,
monolayer in restraining the shuttling of the soluble LiPSs,
improving both the rate and cycling performance. In view of
the abundance of C and P atoms, this work is expected to open
an avenue in searching for the optimal sulfur host materials
that have both good electronic conductivity and improved
LiPS affinity.
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